Development of stage-scanning electron holography by 雷 丹
  
 
 
 
 
 
 
Development of stage-scanning electron holography 
 
試料走査電子線ホログラフィー法の開発 
 
 
 
 
 
 
 
 
 
 
 
 
 
埼玉工業大学大学院   工学研究科 
電子工学専攻 
 
 
Lei  Dan 
雷    丹 
 
 
 
 
 
 
 Contents 
 
ABSTRACT....................................................................................................................I 
Chapter 1 Introduction of electron holography..............................................................1 
1.1 Transmission electron microscopy....................................................................1 
1.2 Overview and history of electron holography ..................................................2 
1.3 Theoretical basis of off-axis electron holography.............................................4 
1.3.1 Hologram formation in off-axis electron holography.............................5 
1.3.2 Hologram reconstruction ........................................................................7 
1.3.3 Phase shift by magnetic and electric fields ...........................................10 
1.3.4 Applications of off-axis electron holography .......................................12 
1.4 Other Forms of electron holography...............................................................13 
1.5 Other techniques for phase measurement .......................................................16 
1.5.1 Phase measurement using the transport of intensity equation ..............16 
1.5.2 Phase measurement using Lorentz microscopy ....................................17 
1.6 Aims and contents in this thesis ......................................................................19 
Reference ..............................................................................................................21 
Chapter 2 Development of stage-scanning electron holography .................................25 
2.1 Introduction.....................................................................................................25 
2.2 Development of stage-scanning electron holography.....................................26 
2.2.1 Principle and experimental methods.....................................................26 
2.2.2 Results and discussion ..........................................................................29 
2.3 Stage-scanning electron holography with a digital aperture ...........................32 
2.3.1 Methods.................................................................................................32 
2.3.2 Results and disctssion ...........................................................................33 
2.4 Conclusions.....................................................................................................35 
Reference ..............................................................................................................36 
Chapter 3 Improvement of stage-scanning electron holography .................................38 
3.1 Introduction.....................................................................................................38 
3.2 Improvement of stage-scanning electron holography for a non-phase object 39 
3.2.1 Principle ................................................................................................39 
3.2.2 Experimental methods ..........................................................................44 
3.2.3 Results and discussion ..........................................................................44 
3.2.4 Drift effect of the biprism and specimen stage and considerations for 
recording ........................................................................................................50 
3.3 Demonstration of resolution improvement in stage-scanning electron 
holography ............................................................................................................54 
3.3.1 Experimental methods ..........................................................................54 
3.3.2 Results and discussion ..........................................................................56 
3.4 Conclusions.....................................................................................................58 
Reference ..............................................................................................................60 
Chapter 4 Super-resolution phase reconstruction technique in stage-scanning electron 
holography ...................................................................................................................62 
4.1 Introduction.....................................................................................................62 
4.2 Principle ..........................................................................................................64 
4.2.1 Scan step is a multiple of the CCD pixel size.......................................65 
4.2.2 Arbitrary scan step ................................................................................67 
4.3 Simulation for super resolution electron holography......................................69 
4.4 Experimental methods ....................................................................................72 
4.5 Results and discussion ....................................................................................73 
4.6 Fresnel diffraction effect .................................................................................75 
4.7 Conclusions.....................................................................................................77 
Reference ..............................................................................................................78 
Chapter 5  Conclusions ..............................................................................................81 
Acknowledgements......................................................................................................83 
Publication List ............................................................................................................85 
I 
 
ABSTRACT 
Electron holography is a powerful electron-interference technique through the use 
of transformation electron microscopes (TEMs). Contrary to the conventional TEM 
techniques, which record only the image intensity, electron holography yields both the 
phase and amplitude of the electron wave that passed through a specimen. The 
successful developments of field-emission electron guns and electron biprisms made 
electron holography a practical tool allowing quantitative and precise measurements. 
In recent research, off-axis electron holography is the most widely used holography 
technique.  In this technique, Fourier transformation is commonly used for the 
phase-retrieval. However, the spatial resolution of the reconstructed phase image is 
limited by the fringe spacing of the hologram. Therefore, how to improve the spatial 
resolution of the reconstructed phase images becomes an important topic in electron 
holography field. 
  This thesis mainly concentrates on the development of a stage-scanning electron 
holography technique with a stage-scanning system, which overcomes the limitation 
between the spatial resolution and the fringe spacing of the hologram. Firstly, the 
stage-scanning electron holography technique under phase object approximation is 
presented. This technique is used to acquire an interferogram, that is, cosine image of 
phase distribution. The interferogram is constructed by shifting the specimen in one 
direction with a stage-scanning system and acquiring line intensities of holograms. 
Taking line intensities eliminates the carrier fringes in the holograms and yields the 
interferogram. Under phase object approximation, the object phase can be readily 
obtained from the interferogram without any reconstruction procedure.  The spatial 
resolution of phase is determined independently of the fringe spacing, overcoming the 
limitation of conventional techniques based on the Fourier transformation method. 
Then this technique was improved for non-phase object with a reconstruction 
procedure. The resolution improvement was demonstrated by observing cobalt 
II 
nanoparticles using the stage-scanning holography and the conventional holography, 
and significantly sharper images were obtained with the former technique. 
In the stage-scanning electron holography, the step size is a key parameter during 
the stage scan. If the scanning step is a multiple of the CCD pixel size then the spatial 
resolution of the reconstructed phase image is determined by the CCD pixel size 
divided by magnification, or the microscope resolution. If the scanning step is an 
arbitrary, in which the holograms are recorded with sub-pixel specimen shifts, 
therefore these holograms provide different phase information. In this case, 
super-resolution reconstruction technique is introduced into stage-scanning electron 
holography. The processing of the acquired series of holograms with sub-pixel 
specimen shifts result in a higher pixel density and spatial resolution as compared to 
the phase image obtained with conventional holography. The final resolution exceeds 
the limit of the CCD pixel size divided by the magnification. 
 
Keywords: Electron holography, stage scanning, spatial resolution, phase shift, super 
resolution 
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Chapter 1 Introduction of electron holography 
1.1 Transmission electron microscopy 
  Transmission electron microscopy (TEM) has revolutionized our understanding of 
materials and introduces us into nano-world by completing the 
processing-structure-properties links down to atomistic levels [1-15]. TEM is 
powerful tool which can provide almost all the structural, phase, and crystallographic 
data and allow us to observe nanometer sized object [1].  
In TEM, an electron beam of electrons is transmitted through an ultra-thin 
specimen. The transmitted electron beam interacts with the specimen. From the 
interaction between the electron beam and the specimen, an image is formed; the 
image is then magnified and focused by the electron lens in the TEM column onto an 
imaging device, such as a fluorescent screen, on a layer of photographic film, or to be 
detected by a sensor such as a charge-coupled device (CCD) camera. 
 Ruska and Knoll built the first TEM in the early 1930s [2, 3]. In 1939, electron 
microscope became commercial. The first commercial electron microscope was 
installed in the Physics department of I. G Farben-Werke [4]. TEMs became widely 
available by several companies such as Hitachi, JEOL, Philips, etc since the late of 
1940s. 
A usual TEM instrument is constituted with three parts: the lens column, the 
vacuum system and the supplying and controlling system. The lens column is the 
most important and complicated part of a TEM, which mainly contains electron guns, 
illumination system, imaging system and the observation and recording system, as 
shown in Fig.1.1 [8]. The objective lens and the specimen stage system is the heart of 
the TEM. This critical region usually extends over a distance of ~10mm at the center 
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of the TEM. The imaging system contains some intermediate lenses which can 
magnify the image or the diffraction pattern produced by the objective lens and to 
focus them on the viewing screen or computer display via a detector, CCD or TV 
camera. 
 
Fig. 1.1 Schematic of optical components in a basic TEM [8]. 
 
1.2 Overview and history of electron holography 
Electron holography is a powerful electron-interference technique through the use 
of TEMs [16, 17]. The conventional TEM techniques only record the spatial 
distribution of image intensity in the final image, however, electron holography 
enables us to access both the amplitude and phase of the electron wave that has passed 
through a specimen. The phase distribution is important because most object 
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information is encoded in the phase of the transmitted electron wave. However, 
conventional TEM is blind to these object properties, for example, electric or 
magnetic fields in the specimen. Since the phase can only be detected by 
interferometric means, electron holography has paved the way for a comprehensive 
analysis of nearly all object properties at medium and atomic resolution. 
D. Gabor [18] originally proposed the electron holography technique as a means of 
overcoming the spherical aberration of the TEM objective lens. A lens-less imaging 
method was developed from Gabor’s idea [19]: the object wave propagates in space 
according to the well-known wave equation, if the complete wave with amplitude and 
phase can be recorded by means of a detector at some distance, the wave can be 
back-propagated according to the same wave equation. An important point is that the 
detector must record the propagated wave completely, that means both amplitude and 
phase should be recorded. Gabor made this point out by interfering the propagated 
wave with a known reference wave. The arising interference fringes are modulated in 
contrast and position by amplitude and phase of the wave, respectively. Then the 
wave can be recorded as an interference pattern, which is named as “hologram” by 
Gabor. 
 In 1951, Haine and Mulvey [20] recorded electron holograms firstly; they called 
the holograms as Fresnel in line holograms. They reached about 1 nm of the specimen 
details in the reconstructed wave. However, the resolution of the reconstructed wave 
was limited by the twin-image problem. That is because, in Gabor’s in-line 
holography technique, the reference wave propagates in the same direction as the 
object wave. Under reconstruction, two conjugate waves (twin-waves) arise, which 
overlap coherently and hence cannot be separated from each other. However, this 
twin-image problem was solved by Leith and Upatnieks [21]. They proposed to 
superimpose reference and object wave at an angle β. Then the reconstructed 
twin-waves are separated angularly by 2β from each other in Fourier space.  
In light optics, the laser can be seen as a nearly perfectly coherent light source, thus, 
holography is widespread in various holographic techniques. The hologram may be 
recorded in the near-field (Fresnel holograms), in the far-field (Fraunhofer hologram), 
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in the Fourier-spectrum (Fourier hologram), etc [22].  
In contrast to light holography using the laser, electron holography started 
flourishing much later, because it is much more difficult to satisfy the requirement of 
electron coherence. Therefore, coherent electron optics was performed only in a few 
especially experienced laboratories. For example, off-axis electron interferometry was 
developed and well understood by M¨ollenstedt and co-workers from 1954. In 1968, 
M¨ollenstedt and Wahl [23], recorded the first lens-less (no objective lens) off-axis 
Fresnel hologram and successfully reconstructed the electron wave with laser light. 
However, thinking about the limits of this method, Wahl recognized that lens-less 
imaging is not promising for electron holography, because the achievable resolution is 
limited by the restricted degree of spatial coherence of electrons. Therefore, from light 
optics Wahl adopted the method of image plane off-axis holography into electron 
microscopy and developed image plane off-axis electron holography [24]. To date, 
this is the most successful and widespread holographic method applied in electron 
microscopy. 
 
1.3 Theoretical basis of off-axis electron holography 
Since the original proposal by Gabor for the use of holography as a means for the 
improvement of the resolution of electron microscopes, a number of schemes for 
electron holography have been proposed and several of these have been demonstrated 
experimentally. These include in-line holography, off-axis holography, and 
phase-shifting holography, etc [25]. However, in recent materials research using 
electron holography, off-axis electron holography attracts most attention in electron 
holography field. This particular holographic operating mode is advantageous in that 
it is easily obtained in any commercial TEM with field-emission gun (FEG) [26], and 
it is the mode that has been used almost exclusively in recent electron microscopy 
studies. 
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1.3.1 Hologram formation in off-axis electron holography 
 
Fig. 1.2 Schematic of the electron holography and the image of a TEM equipped with 
a biprism. 
 
The technique of off-axis electron holography basically depends on the interference 
of two (or more) coherent electron waves that combine to produce an interferogram or 
hologram. Off-axis electron holography involves two steps. The amplitude and phase 
distributions in the image plane of a TEM are first recorded in an electron hologram 
by interfering reference and object electron beams, and then reconstructed by an 
optical or digital procedure. To acquire an off-axis electron hologram, the region of 
interest on the specimen should be positioned to cover half the field of view. An 
electron hologram is produced by the application of voltage to the biprism with half of 
the electron wave passing through the vacuum as the reference wave and the other 
half of the electron wave passing through the specimen as the object wave. The 
amplitude and the phase distribution of the electron wave from the specimen are 
recorded in the intensity and the position of the holographic fringes, respectively.  
The microscope geometry for off-axis electron holography in the TEM is 
schematically shown in Fig. 1.2. The specimen is illuminated with a defocused, 
coherent beam of electrons. Usually we need to adjust the condenser-lens stigmator 
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settings to make the incident illumination highly elliptical. The specimen is positioned 
to cover roughly half the field of view. The electron biprism consists of a conductive 
filament supplied with a voltage, and two grounded electrode platelets. The 
conductive filament is usually a thin (<1 mµ ) metallic wire or quartz fiber coated with 
gold or platinum, which is biased by means of an external power supply or battery 
[22]. Although the biprism may be located at one of several alternative points along 
the beam path below the specimen, its usual and most conventional positions is in 
place of one of the selected-area apertures. The interference-fringe spacing and the 
width of the fringe overlap region are determined by the biprism voltage and the 
specimen-lens geometry.  
When the biprism is aligned to the y direction, the hologram is formed as a result of 
the interference between the object wave oΦ  and the reference wave rΦ (Fig. 1.3), 
which are given by,  




+=Φ xiyxiyxyxo λ
α
piηφ 2),(exp),(),( 0 ,                             (1.1) 




−=Φ xiyxr λ
α
pi2exp),( .                                          (1.2) 
Here x and y  are coordinates in the hologram, 0φ  is amplitude, η  is phase, λ  is 
the electron wavelength, and the reference wave and object wave are tilted by an 
angleα .  
Thus, the image intensity of a conventional TEM image can be described as the 
modulus squared of an electron wave function: 
( ) ),(),(, 202 yxyxyxI o φ=Φ= . 
This function only records the amplitude distribution of the specimen. 
However, the intensity distribution in an off-axis electron holography can be 
represented by the addition of a tilted plane reference wave to the tilted object wave, 
in the form, 
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Fig. 1.3 Interference of the object wave and the reference wave. 
 
Thus, the hologram will consist of a series of cosinusoidal fringes (the last term in 
the Eq. 1.3) superimposed onto the conventional bright-field image (i.e., the first two 
terms in the Eq.1.3). Any changes in the positions and/or spacing of the interference 
fringes will reflect the relative phase shift of the electron wave that has passed 
through different parts of the specimen. The phase term ),( yxη  now is contained in 
the hologram image and can be separated from this image through a reconstruction 
procedure. 
 
1.3.2 Hologram reconstruction 
To obtain amplitude and phase information, by using the followed formula 
∫
+∞
∞−
−=− dxxQqiQq ))(2exp()( piδ , 
the intensity of the recorded hologram is Fourier transformed. From Eq. (1.3), the 
complex Fourier transform of the hologram is given by 
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ηφδ
ηφδ
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−⊗++
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⊗+=
.                                   (1.4) 
 
Equation (1.4) describes a peak at the reciprocal space origin corresponding to the 
Fourier transform of the reference image, a second peak centered on the origin 
corresponding to the Fourier transform of a bright-field TEM image of the specimen, 
a peak centered at Qq 2−= corresponding to the Fourier transform of the desired 
image wave function, and a peak centered at Qq 2+= corresponding to the Fourier 
transform of the complex conjugate of the wave function. 
  The reconstruction of a hologram to obtain amplitude and phase information is 
illustrated in Fig.1.4. Fig.1.4 (a) shows a hologram of a MgO crystal. To reconstruct 
the amplitude and the relative phase shift of the electron wave function, the hologram 
is firstly Fourier transformed, then one of the two sidebands is selected digitally and 
inversely Fourier transformed, as shown in Fig.1.4 (b)-(d). The amplitude and phase 
of this complex wave function are then easily calculated. 
Via digital techniques, the phase is normally calculated modulo pi2  because of the 
cyclic property of the arctan function. Phase discontinuities of pi2  will appear at 
positions in the phase image at which the phase shift exceeds this amount. Such phase 
wraps can be misleading because they are unrelated to particular specimen features. 
Phase-unwrapping algorithms must then be used to ensure reliable interpretation of 
the image features. In addition, as noted above, it is standard practice to record 
reference holograms with the specimen removed. Any artifacts in the final hologram 
that are associated with local imperfections or irregularities of the imaging and 
recording systems can then be excluded by dividing the specimen wave function by 
the reference wave function. 
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Fig. 1.4 (a) Off-axis electron hologram recorded from a MgO crystal; (b) Fourier 
transformation (FT) of the hologram; (c) The selected side band; (d) Reconstructed 
phase image after inverse Fourier transformation (IFT). 
 
  The reconstruction procedure with Fourier transformation is widely used in 
conventional electron holography. However, the spatial resolution of the reconstructed 
phase image is limited by the fringe spacing of the hologram [27-29], and is typically 
two or three times lower than the fringe spacing [30-34].  This happens because the 
center band and sidebands are mixed in the reconstruction procedure if the carrier 
frequency is small compared with the spatial frequency of the amplitude and phase of 
objects.  However, if a high spatial carrier frequency is introduced to improve the 
resolution, a decrease in the fringe contrast will reduce the signal to noise ratio. Also, 
in the Fourier transformation method, if specimen has some edges or large phase 
variations, the Fourier spectrum of the specimen will extend widely not only in the 
side bands but also in the center band.  There is no band filter that could perfectly 
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separate the side band with the center band; therefore, the reconstructed image will 
contain errors originating from the mixing of the diffraction components. 
 
1.3.3 Phase shift by magnetic and electric fields 
  In general, for electric and magnetic fields given by the electric potential and the 
magnetic field, respectively, the phase change η of an electron wave that has passed 
through the specimen, relative to the wave that has passed only through vacuum, is 
given (in one dimension) by the expression [35]: 
∫ ∫∫ ⊥−= dxdzzxBh
e
dzzxVCx E ),(),()(η ,                                (1.5) 
where z is the incident electron beam direction, x  is a direction in the plane of the 
specimen, V  is the electronic potential of the specimen, and ⊥B  is the component 
of the magnetic induction perpendicular to both x  and z .  
The interaction constant EC , which depends on the energy of the incident electron 
beam, is given by the expression 
0
0
2
2
EE
EE
E
CE +
+
= λ
pi
,                                                  (1.6) 
Where λ  is the wavelength of the incident electron and E  and 0E  are the kinetic 
and rest mass electron energies, respectively. EC has values of 
61029.7 × , 61053.6 × , 
and 1161039.5 −− ⋅⋅× mVrad at 200kV, 300kV, and 1MV, respectively.  
Mean inner potential (MIP) 0V  is related to the composition and density of the 
specimen, and can be expressed by ∫= vol atom dxdydzzyxVvol
V ),,(
1
0 , integrated over 
the object volume vol . 
  For situations in which neither 0V  nor B  varies with z  within the specimen 
thickness t , and if one makes the simplifying assumption that any electric or 
magnetic fringing fields outsides the specimen can be neglected, this expression for 
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the relative phase change can be simplified to  
∫ ⊥−= dxxtxBh
e
xtxVCx E )()()()()( 0η .                                  (1.7) 
Differentiation of Eq. 1.7 with respect to x  leads to an expression for the phase 
gradient of  
[ ] )()()()()( 0 xtxB
h
e
xtxV
dx
d
C
dx
xd
E ⊥−=
η
.                                (1.8) 
The Eq. 1.7 and Eq. 1.8 are fundamental to the measurement and quantification of 
electric and magnetic fields using electron holography for phase imaging. 
 
Fig. 1.5 Schematic illustrating of phase shift and phase gradients for electrostatic and 
magnetic fields [35]. 
  
The MIP term [ ])()(0 xtxV  is likely to dominate both the phase and the phase 
gradient for cases in which the composition or the projected thickness of the specimen 
varies rapidly. If a specimen has uniform thickness and composition, the first term in 
Eq. 1.8 is zero. The phase gradient can then be interpreted directly and quantitatively 
in terms of the in-plane magnetic induction. Fig. 1.5 provides a schematic illustrating 
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of phase shift and phase gradients for electrostatic and magnetic fields, respectively. 
  For a non-magnetic specimen, rearrangement of equation above yields 
dx
xdt
dx
xd
C
V
E
)(
/
)(1
0
η






= .                                             (1.9) 
Thus, for a specimen of known thickness, such as a cleaved wedge, the MIP can be 
determined from measurement of the potential gradient, even when there are 
amorphous over-layers covering the specimen surfaces. 
 
1.3.4 Applications of off-axis electron holography 
Off-axis electron holography has been widely used in recent years to obtain phase 
distribution of electrostatic fields and magnetic fields. Several applications of the 
usage of off-axis electron holography are shown in Fig.1.6.  
In Fig. 1.6 (a), off-axis electron holography has been used to measure 
two-dimensional electrostatic potentials in both unbiased and reverse biased silicon 
specimens that each contains a single p-n junction [36]. This technique also used to 
investigate magnetization reversal mechanisms and remanent states in 
exchange-biased submicron Co84Fe16/Fe54Mn46 patterned elements [37], the relative 
results shown in Fig. 1.6 (b). In Fig. 1.6 (c), this technique determined the magnitude 
and spatial distribution of the electric field surrounding individual field-emitting 
carbon nanotubes [38]. In Fig.1.6 (d), the magnetic microstructure of a natural, finely 
exsolved intergrowth of submicron magnetite blocks is characterized by using off-axis 
electron holography in TEM. Single-domain and vortex states in individual blocks, as 
well as magnetostatic interaction fields between them, are imaged at a spatial 
resolution approaching the nanometer scale [39]. In Fig.1.6 (e), electron holography 
has been used to measure magnetic induction map of two double chains of magnetite 
crystals at room temperature [40]. 
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Fig.1.6 (a) Semiconductor physics: built-in voltage across a p-n junction; 
(b)Nanotechnology: Upper panel: remnant magnetic state in exchange-biased CoFe 
elements; Lower panel: micromagnetic simulation of the same elements; (c)Field 
Emission: Electrostatic potential from a biased carbon nanotube; (d)Geophysics: 
Evolved magnetite elements in the titan magnetite system; (e)Biophysics: Chains of 
magnetite crystals which grow in magnetotactic bacteria and are used for navigation.  
 
1.4 Other Forms of electron holography 
A total of about twenty possible modes of electron holography, distinctly different 
in either their theoretical basis or their experimental requirements, may be available in 
recently research [25]. Here, we show phase-shifting electron holography briefly, as 
follows. This technique has an important advantage over conventional off-axis 
electron holography, and can provide a higher spatial resolution than conventional 
techniques based on the Fourier transformation. 
Ru and colleagues [28, 41] have developed a phase-shifting reconstruction method 
for electron holography, in which a number of holograms with different initial phases 
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are acquired by slightly changing the angle of the incident electron beam, and thus in 
each hologram the interference fringes are displaced (phase-shifted) while the 
specimen position remains the same.  The intensity at a certain point on a hologram 
will vary sinusoidally with the shift in the interference fringes.  The phase and 
amplitude are then retrieved from the sinusoidal curve fitted to the intensity at each 
point. 
 
Fig. 1.7 Illustration of the experimental set up for phase-shifting electron holography 
[41]. 
   
Figure 1.7 shows an illustration of the experimental setup for phase-shifting 
electron holography. In this technique, a series of holograms whose interference 
fringes are shifted one after another is recorded. The shifting of the interference 
fringes is carried out by the incident electron wave, which corresponds to the shift of 
the initial phase difference between the object wave and the reference wave. As shown 
in the Fig. 1.7, when the incident electron wave is tilted to nθ , the intensity of the 
interference fringes is expressed by using the object wave oΦ and the reference 
wave rΦ , as 
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2
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wkyxxkyxyx
nyxI
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Φ+Φ=
,                     (1.10) 
where n is an integer numbering of the hologram, ),(0 yxφ and ),( yxη are the 
amplitude and phase of the object wave, respectively, α is the angle of the electron 
waves deflected by the electron biprism, w is the width of the interference area and 
λpi2=k , where λ is the wavelength. The phase term wk nθ  is the initial phase 
difference between the object wave and the reference wave in the nth hologram. 
Therefore, the interference fringes are shifted by tilting the incident electron wave. 
 
 
Fig.1.8 Reconstruction of object wave at a certain point (x, y) [42]. 
 
  The object wave is reconstructed from a series of holograms. The intensity at a 
certain point (x, y) on the holograms will vary sinusoidally by shifting interference 
fringes. Fig. 1.8 illustrates the plot of intensity as a function of the initial phase 
wk nθ [42]. The initial phase in each hologram is obtained from the phase value at the 
center of the sideband in the Fourier transform of the hologram. The plots are fitted 
using a cosine curve and the object wave, ),(0 yxφ andc, is finally determined from 
the curve. Further details of phase-shifting electron holography have been described 
in these literatures [28, 41]. 
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1.5 Other techniques for phase measurement 
1.5.1 Phase measurement using the transport of intensity equation 
  Gabor proposed the electron holography technique, which is powerful for 
measuring both the phase and amplitude of the electron wave that passed through a 
specimen. However, holography cannot be applied to general cases, since there is a 
requirement for a vacuum region where the reference wave passes through. In 1983, 
Teague [43] proposed an equation for wave propagation in terms of phase and 
intensity distributions, and showed that the phase distribution may be determined by 
measuring only the intensity distributions. This equation is named as Transport of 
Intensity Equation (TIE). The TIE was recently applied successfully to TEM at 
medium resolution to observe static potential distributions of biological and 
non-biological specimens or to measure magnetic fields [44-46]. 
 
 
Fig.1.9 Schematic illustration of transport of intensity due to wave propagation [44]. 
 
  The wave propagation is schematically shown in Fig. 1.9. When a plane wave is 
transmitted through a specimen, both the amplitude and the phase of the wave are 
modulated. For a phase object, the amplitude change is negligible, and the information 
concerning the specimen is encoded in the phase modulation only. Thus, the 
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amplitude of the exit wave is almost constant immediately below the specimen exit 
surface. However, when a modulated wave propagates through empty space, the 
amplitude at some places will increase and at other places the amplitude will decrease, 
according to the phase modulation induced by the specimen. 
  Mathematically, the TIE for electrons exactly corresponds to the Schrodinger 
equation for high-energy electrons in free space. Namely, the following TIE 
))()(()(
2
xyzxyzIxyzI
z
xyxy φλ
pi ∇•−∇=
∂
∂
,                               (1.11) 
is obtained, I andφ are the intensity and phase distribution, respectively; x and y are 
the coordinates in the image plane, z is the vertical direction of the beam illumination. 
Here, 
z
I
∂
∂
is an intensity derivative along the wave propagation direction, and 2xy∇ is a 
two-dimensional Laplacian. For known boundary conditions and in the absence of 
intensity zeros (in-focus intensity), the TIE can be solved uniquely for the phase.  
 
1.5.2 Phase measurement using Lorentz microscopy 
Electron moving through a region of space with an electrostatic field and a 
magnetic field experiences the Lorentz force. The Lorentz force acts normal to the 
travel direction of the electron, a deflection will occur. The deflection angle is linked 
to the presence of electric or magnetic fields. 
  Lorentz microscopy is all about introducing controlled aberrations in the transfer 
function of the microscopy in order to induce visible contrast. There are two modes in 
Lorentz microscopy [47]: the Fresnel mode, in which you observe domain walls and 
magnetization ripples, and the Foucault mode, where domains are imaged. 
  The Fresnel mode: in conventional TEM, the minimum observed contrast indicates 
the in-focus position of the specimen. In this position, the domain walls do not appear. 
In the Fresnel mode, under-focusing or over-focusing is used to image the walls. A 
wall appears as a dark line when there is a diffusion of electrons, whereas it is white 
when there is an accumulation of electrons (Fig.1.10). It is then possible to follow the 
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domain wall motion under the application of an external magnetic field. It gives 
essentially qualitative information.  
 
Fig.1.10 Schematic of the electron path through a magnetic specimen in Fresnel 
mode. 
 
  The Foucault mode: this mode corresponds to a bright field image mode in 
conventional TEM. This means that you select a part of your beam with an aperture 
located in the back focal plane of your imaging lens. The electrons that pass through 
the aperture will appear bright whereas the others will appear dark. The deflection 
angles linked to magnetization are small and you cannot really differentiate them from 
the transmitted beam, you have to put the aperture quite close to the transmitted beam. 
Getting nice results in this mode is therefore trickier than getting data from the 
Fresnel mode.  
  Lorentz microscopy is a way to visualize some information related to magnetic or 
electric structures. It requires the introduction of controlled aberrations in the 
microscope transfer function in order to induce contrast. However, Lorentz 
microscopy is only semi-quantitative, and to extract some quantitative physical 
information a perfect knowledge of the electron-optical set up is needed. 
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1.6 Aims and contents in this thesis 
  In conventional off-axis electron holography based on Fourier transformation 
method, the spatial resolution of the reconstructed phase image is limited by the fringe 
spacing. However, the aim of this research is to develop a new method which can 
overcome the limitation between the spatial resolution and the fringe spacing. Under 
the use of a stage-scanning system, a stage-scanning electron holography is proposed 
which has the property to overcome the limitation mentioned above. Based on the 
stage-scanning electron holography, a technique of super-resolution phase 
reconstruction is presented for improving the spatial resolution of the reconstructed 
phase image.  
There are five chapters in this thesis, which are organized as follows: 
  In this first chapter, the outline and history of electron holography, basic knowledge 
of off-axis electron holography and reconstruction procedure based on Fourier 
transformation method; other forms of electron holography as well as other method 
for phase measurement and the aim of this thesis are described. 
  In the second chapter, a stage-scanning electron holography technique is proposed, 
which can directly acquire an interferogram, that is, cosine image of phase 
distribution. The interferogram is constructed by shifting the specimen in one 
direction with a stage-scanning system and acquiring line intensities of holograms. 
Under phase object approximation, the object phase can be readily obtained from the 
interferogram without any reconstruction procedure.  The spatial resolution of phase 
is determined independently of the fringe spacing, overcoming the limitation of 
conventional techniques based on the Fourier transformation method. 
  In the third chapter, the stage-scanning electron holography is improved and 
extended for non-phase object. The resolution improvement is also demonstrated by 
observing cobalt nanoparticles through comparing the stage-scanning holography and 
the conventional holography, and significantly sharper images were obtained with the 
former technique. 
 In the fourth chapter, a super-resolution reconstruction technique is introduced into 
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stage-scanning electron holography when the scan step of the stage-scanning is a 
sub-pixel distance. The process of the acquired series of holograms with sub-pixel 
specimen shift results in a higher pixel density and spatial resolution as compared to 
the phase image obtained with conventional holography. The final resolution exceeds 
the limit of the CCD pixel size divided by the magnification. 
  The fifth chapter contains the general conclusions of this thesis. 
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Chapter 2 Development of stage-scanning electron holography 
2.1 Introduction 
Electron holography is a powerful transmission electron microscopy technique 
[1-5], which yields quantitative information on the phase and amplitude of electrons 
passed through a specimen with high spatial resolution, whereas only the intensity 
distribution can be obtained with conventional electron microscopy. Since the 
development of the field emission gun and the electron biprism, electron holography 
has been a popular technique of probing the spatial distribution of electric or magnetic 
field [6-9]. In electron holography, the amplitude and phase distributions are first 
recorded in an electron hologram and then reconstructed by an optical or digital 
reconstruction system. Reconstruction procedures involving Fourier transformation 
are widely used to extract the phase and amplitude information; in these procedures 
the electron hologram is Fourier transformed, and then the selected sideband is 
inversely Fourier transformed. A serious drawback of this procedure [10-14] is that 
the spatial resolution of the reconstructed electron holography image is limited by the 
fringe spacing of the hologram. Generally, the fringe spacing should be narrower than 
one-third of the spatial resolution required in the reconstructed image.  Efforts have 
been made to make fringes narrower to improve the resolution; however, this results 
in coherence loss. 
In this chapter, a technique is proposed which can directly acquire an interferogram, 
that is, cosine image of phase, by moving the specimen and recording line intensities in 
the hologram at different object positions.  The resultant image becomes an 
interferogram that provides the phase distribution under phase object approximation. 
Taking line intensities eliminates the carrier fringes in the holograms and yields the 
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interferogram. Under a phase object approximation, a phase image can be easily 
obtained from the interferogram without Fourier transformation.  
 
2.2 Development of stage-scanning electron holography 
2.2.1 Principle and experimental methods 
 
Fig.2.1 Schematic of electron holography with a stage-scanning specimen holder. 
 
Figure 2.1 schematically shows the electron optics and instruments used in the 
stage-scanning holography method. A collimated electron beam illuminates the 
specimen which is positioned to cover half the field of view. Application of a voltage 
to the electron biprism located below the specimen results in an overlap of the object 
wave passing through the specimen with a reference wave passing through the 
vacuum. A stage-scanning system [15-17] is employed, which comprises a specially 
designed TEM specimen holder equipped with a piezo-driven specimen stage. This 
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system enables three-dimensional (3D) scanning of the specimen in a fixed electron 
optics configuration and has been used for scanning confocal electron microscopy in a 
conventional transmission electron microscope. Figure 2.2 (a) shows a photograph of 
the holder head. A tubular piezoelectric actuator is used for moving the stage. Figure 
2.2 (b) shows a schematic of the stage-scanning system, which includes the specimen 
holder, power supply and control program running on a PC.  
 
 
Fig.2.2 (a) Head of the specially designed TEM specimen holder; (b) schematic of the 
stage-scanning system comprising the specimen holder, power supply and control 
unit. 
 
When the biprism is aligned to the y direction, the hologram is formed as a result of 
the interference between the object wave oΦ  and the reference wave rΦ , which are 
given by 
[ ]),(exp),(),,( 0 yxnxiyxnxyxno ∆−∆−=Φ ηφ ,                           (2.1) 




=Φ xiyxr λ
α
pi2exp),( .                                             (2.2) 
Here x and y  are coordinates in the hologram, 0φ  is amplitude, η  is phase, x∆  
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is the scan step width of the specimen movement in the x direction, n  is the step 
number, λ  is the electron wavelength, and the reference wave is tilted by an angle 
α  relative to the object wave.  The hologram intensity is expressed by  
( ) 



+∆−∆−++∆−=
m
x
yxnxyxnxyxnxyxnI piηφφ 2),(cos),(21),(,, 020 ,         (2.3) 
here m  refers to the fringe spacing, which corresponds to
α
λ
. 
 
Fig. 2.3 (a) A series of holograms in which only one line intensities at x=0 are 
captured; (b) the interferogram (cosine image of phase distribution) reconstructed 
from the line intensities in the holograms. 
 
Assuming that line intensities in each hologram are captured at x=0 in the 
hologram plane, as schematically shown in Fig. 2.3 (a), the line intensities along the y 
axis in the hologram with n-th specimen position are expressed by  
[ ]),(cos),(21),(),( 020 yxnyxnyxnyn ∆−∆−++∆−=Π ηφφ .                   (2.4) 
After the specimen scan is completed, Eq. (2.4) can be viewed as the interferogram 
in the ),( yxn∆− plane, in which the carrier fringe no longer exists, as schematically 
shown in Fig. 2.3 (b).  Under phase object approximation, where the amplitude 
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change is negligible, the amplitude ),(0 yxn∆−φ  can be replaced by 1 and the phase 
),( yxn∆−η  can be calculated as  






−Π=∆− − 1),(
2
1
cos),( 1 ynyxnη .                                     (2.5) 
As the line intensities in each hologram along a fixed line x=0 are recorded during 
the scan, the phase of this line can be obtained from Eq. (2.5) under phase object 
approximation, and the phase image can be easily reconstructed with a computer. This 
procedure does not use Fourier transformation, and therefore its spatial resolution is 
only limited by the scan step width and microscope resolution, not by the fringe 
spacing.  
A JEOL JEM-ARM200F microscope equipped with a biprism was used for testing 
the proposed technique at an accelerating voltage of 200 kV. The “STEM Diffraction 
Imaging” software of Gatan Inc. was used to control the holder and acquire 
holograms. 
 
2.2.2 Results and discussion 
To give an outline of the proposed stage-scanning holography technique, Figure 2.4 
presents an example of observing phase distribution, where a MgO crystal (Fig. 2.4(a)) 
was used as a testing sample. Figure 2.4(b) shows a hologram during acquisition. The 
holograms from different specimen positions were acquired and saved as a 3D data 
cube with the size of 95 pixels×180 pixels×80 steps. The total acquisition time in the 
present experiment was about 1min. 30 s including data transfer time and 1 second 
exposure time for each scan step. The interferogram was obtained by slicing the cube 
at a fixed position parallel to the biprism, as indicated by the red line in Fig. 2.4(b). 
The phase image can readily be obtained by Eq. (2.5) under phase object 
approximation, as shown in Fig. 2.4(c). In this example, phase changes of about pi2  
due to the thickness variation can be observed. Here the 3D data cube was acquired 
first and sliced afterwards, however the interferogram (i.e. the phase image) can be 
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obtained in situ using the line CCD intensities at marked positions by lining up the 
line intensities side by side as the scan goes on. (Although the acquisition speed is still 
limited by the exposure time.) This example illustrates that the phase can readily be 
obtained by a single scan of the specimen. 
 
 
Fig.2.4 (a) TEM image of the MgO crystal; (b) a hologram extracted from the 3D data 
cube of holograms, an interferogram is obtained by slicing the 3D data cube along the 
red line; (c) the phase image obtained from the interferogram. 
 
Another example of MgO crystal is presented in Fig. 2.5. In this example, phase 
changes of about pi6  due to the thickness variation can be observed despite a slight 
bending of the phase profiles due to the specimen drift. The interferogram (i.e. the 
phase image) can be obtained in situ using the line CCD intensities at marked 
positions by lining up the line intensities side by side as the scan goes on.  
In this method, the intensity in each hologram along a fixed line x=0 is recorded. 
As the line intensities are recorded during the scan, the phase of this line can be 
obtained from Eq. (2.5) under phase object approximation, and the phase image can 
be easily reconstructed with a computer. Since the reconstruction procedure is simple 
and the amount of data transferred from the CCD to the computer is small 
(1-dimensional array); the proposed technique is fast and can be applied to real-time 
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phase acquisition.  Furthermore, this procedure does not use Fourier transformation, 
and therefore its spatial resolution is only limited by the scan step and microscope 
resolution, but not by the fringe spacing. An isotropic resolution can be achieved if the 
scan step is equal to the CCD pixel size divided by the magnification. 
 
 
Fig. 2.5 (a) TEM image of the MgO crystal with tilted [110] incidence; (b) a hologram 
extracted from the 3D data cube of holograms, an interferogram is obtained by slicing 
the 3D data cube along the red line; (c) the phase image obtained from the 
interferogram. 
 
The total time needed for the simple phase acquisition method depends on the 
exposure time and the number of scan steps. In conventional holography, the total 
acquisition time of a nn×  pixel hologram is a sum of the exposure time and data 
transfer time from CCD to computer. In contrast, our technique uses one line ( n×1  
pixels) signal per hologram, where n is the number of pixels along the y direction. 
Thus the total acquisition time becomes (exposure time)×(number of scan steps) plus 
data transfer time and is longer than that in the conventional technique. This drawback 
can be partially compensated if we converge the electron beam to the line while 
keeping parallel illumination, or if we use several lines of CCD simultaneously and 
Chapter 2 Development of stage-scanning electron holography                                                      
32 
average the obtained phase images from each line to reduce the exposure time at a 
given electron beam intensity and signal to noise ratio. In practice, because the 
resolution does not depend on the fringe spacing, a wider interference fringe which 
has a higher contrast can be used for reconstruction. Thus, the exposure time can be 
reduced for achieving the same signal to noise ratio. 
 
2.3 Stage-scanning electron holography with a digital aperture 
  In the above section, a 3D data cube was recorded and sliced at a fixed position to 
form an interferogram, which was the cosine image of phase distribution. However, 
there is another method which also is possible for acquisition of the phase distribution. 
In this case, a 4D data cube of the holograms is recorded on which the specimen has 
different positions and then the phase information is separated through a digital 
aperture from the 4D data cube. Detailed information of this method is as follows. 
 
2.3.1 Methods 
Electron waves passing through the specimen and vacuum regions are deflected by 
the electrostatic potential around the biprism so that an electron hologram is formed on 
the image plane. With the 2D movement of the specimen in the object plane, 2D 
holograms can be obtained, resulting in a 4D data array that can be expressed as 
 


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.        (2.6) 
Here x and y  denote the position in a hologram, 0φ  and η  are the amplitude and 
phase, respectively, xm and ym  refer to the fringe spacing along the x and y directions, 
respectively, x∆  and y∆ are the scan steps and xn  and yn are their indexes for the x 
and y directions, respectively.  
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By applying a pinhole aperture to the origin (x=0, y=0) of holograms recorded at 
different specimen positions, an interferogram can be obtained as 
[ ]),(cos),(21),()0,0,,( 020 ynxnynxnynxnnnI yxyxyxyx ∆−∆−∆−∆−++∆−∆−= ηφφ .    (2.7) 
Under the phase object approximation, the phase distribution can be easily calculated 
from the interferogram. 
 
2.3.2 Results and disctssion 
 
Fig. 2.6 Two extracted holograms of the Co particle (a) and (b), the specimen was 
moved from the position in hologram (a) to the position in hologram (b) using the 
scanning stage; (c) The interferogram which corresponds to the phase distribution. 
 
Figures 2.6(a) and (b) show two holograms recorded for two positions of a Co 
particle with a diameter of 6 nm on an amorphous carbon film. The particle was moved 
into the fringe area and shifted the fringes as observed in Fig. 2.6(b). The fringe spacing 
is 0.6 nm in both holograms.  
By applying the digital aperture to the center of each hologram, an interferogram 
was obtained as shown in Fig. 2.6(c). The particle can be observed in this 
interferogram. According to Eq. 2.7, this interferogram corresponds to the phase 
distribution of the specimen. The phase change from the vacuum to the carbon film 
was approximatelypi , corresponding to the fringe contrast change from black to white. 
The two horizontal stripes observed at the lower part of the image originate from the 
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biprism drift during the acquisition. 
 
 
Fig. 2.7 (a) Electron hologram of the Co particle obtained by conventional electron 
holography; (b) phase image of the Co particle reconstructed from the hologram (a). 
 
For comparison, the phase of the same particle was obtained by conventional 
electron holography using the Fourier transformation reconstruction method. Fig. 2.7 
(a) shows the hologram recorded by conventional holography of the Co particle. In 
conventional electron holography, due to the limitation between spatial resolution and 
fringe spacing, a finer fringe spacing of 0.2 nm was used. A hologram without 
specimen was taken as a reference. Figure 2.7(b) shows the reconstructed phase image 
from the hologram of the Co particle.  
Figure 2.8 shows the phase change profile obtained by conventional electron 
holography. The phase change was 3.2 radians from vacuum to the carbon film, and 3.5 
radians from the carbon film to the center of the Co particle, which agrees with the 
phase change observed in Fig. 2.6(c). The result demonstrates the successful 
acquisition of the phase distribution by the new method. 
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Fig.2.8 Line profile of the measured phase shift across the Co particle using 
conventional electron holography. 
 
2.4 Conclusions 
An electron holography technique was proposed in this chapter. Through the 
technique an interferogram can be obtained using line intensities in holograms acquired 
at different specimen positions.  The resultant interferogram corresponds to the object 
phase under phase object approximation.  This technique yields the phase distribution 
without the use of Fourier transformation, and therefore the spatial resolution can be 
determined independently of the fringe spacing in the holograms. Experimental results 
for MgO crystals demonstrated the practicability and reliability of this technique. 
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Chapter 3 Improvement of stage-scanning electron holography  
3.1 Introduction 
The technique of stage-scanning electron holography was presented in chapter 2. 
This technique can provide an interferogram, that is a cosine image of phase, by 
moving the specimen and recording line intensities in the hologram at different object 
positions. The resultant interferogram that provides the phase distribution under phase 
object approximation. This technique can deal with phase object well, because the 
amplitude of electron wave passed through the specimen can be assumed as 1. 
However, in practice, for most of the materials, when the electron wave transfers 
through a specimen, due to the interactions between the electrons and the sample, the 
amplitude changes because the electrons are absorbed. In such cases, the 
reconstruction procedure described in chapter 2 is not appropriate. In this chapter, this 
technique was improved and extended to a non-phase object by recording a series of 
holograms as a 3-dimensional (3D) data cube at different specimen positions. Slicing 
the 3D data cube at different CCD pixels produces several interferograms. By 
applying the proposed reconstruction procedure to these interferograms the phase 
distribution can be reconstructed with high precision. This technique is expected to 
overcome the limitation of spatial resolution due to the fringe spacing. The resolution 
enhancement was demonstrated by observing Co nanoparticles with the 
stage-scanning electron holography. The results show a better performance than that 
from the conventional holography based on the Fourier transformation method. 
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3.2 Improvement of stage-scanning electron holography for a non-phase object           
3.2.1 Principle  
The optical configuration in this improved stage-scanning electron holography is 
the same with the technique presented above, which has been shown in Fig. 2.1. A 
collimated electron beam illuminates the specimen which is positioned to cover half 
the field of view. An interference pattern or a hologram is produced by the application 
of voltage to the biprism located below the specimen with the reference wave and the 
object wave. The specimen can be moved by the stage-scanning system [1-3].  
When the biprism is aligned to the y direction, the hologram is formed as a result of 
the interference between the object wave oΦ  and the reference wave rΦ , which are 
given by 
[ ]),(exp),(),,( 0 yxnxiyxnxyxno ∆−∆−=Φ ηφ ,                           (3.1) 




=Φ xiyxr λ
α
pi2exp),( .                                             (3.2) 
Here x and y  are coordinates in the hologram, 0φ  is amplitude, η  is phase, x∆  
is the scan step width of the specimen movement in the x direction, n  is the step 
number, λ  is the electron wavelength, and the reference wave is tilted by an angle 
α  relative to the object wave.  The hologram intensity is expressed by  
( ) 



+∆−∆−++∆−=
m
x
yxnxyxnxyxnxyxnI piηφφ 2),(cos),(21),(,, 020 ,         (3.3) 
here, m  refers to the fringe spacing, which corresponds to
α
λ
. 
For a non-phase object in which the amplitude change is not negligible, the simple 
procedure described in the Eq. (2.5) is not suitable. In this case, the reconstruction 
procedure for the phase-shifting holography [4, 5] can be applied with a modification.  
In phase-shifting holography, a number of holograms with different initial phases 
are acquired by slightly changing the angle of the incident electron beam, and thus in 
each hologram the interference fringes are displaced (phase-shifted) while the 
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specimen position remains the same.  The intensity at a certain point on a hologram 
will vary sinusoidally with the shift in the interference fringes.  The phase and 
amplitude are then retrieved from the sinusoidal curve fitted to the intensity at each 
point. 
 
Fig. 3.1 (a) A series of holograms in which only one line intensities at x=0 are 
captured; (b) aligning the specimen positions in the acquired holograms; the red 
dotted frames indicate image positions before the alignment. 
 
In this technique, holograms are acquired at each specimen scan step as 
described by Eq. (3.3), and thus in each hologram the specimen is displaced, while the 
fringe positions remain the same, as shown in Fig. 3.1(a).  Aligning the holograms to 
compensate for the specimen shift in the x-y plane (hologram plane) yields a dataset 
equivalent to the one obtained with the phase-shifting technique. As shown below, at 
least one fringe spacing of a hologram is sufficient for the reconstruction; therefore, 
the data array is much smaller in the x than in the y direction. After the holograms are 
aligned in the x-y plane the overlapped specimen area in the x-direction becomes 
small (see Fig. 3.1(b)). Thus, the direct use of phase-shifting holography 
reconstruction technique is impractical, and a modified reconstruction procedure is 
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proposed below.   
In this procedure, aligning the holograms not in the x-y plane but in the n-y plane 
is performed. A series of 2-dimensional (2D) holograms with different specimen 
positions can be viewed as a 3D data cube with the dimensions ),,( nxyx ⋅∆ .  
Slicing this cube in the ),( nxy ⋅∆  plane at kxx = extracts an interferogram as 
follows 




+∆−∆−++∆−=Π
m
x
yxnxyxnxyxnxyn kkkkk piηφφ 2),(cos),(21),(),( 020 .    (3.4) 
 
 
Fig. 3.2 (a) Images obtained by slicing the 3D data cube at different xk positions; (b) 
they are aligned by shifting each slice along the arrows. The red dotted frames 
indicate image positions before the alignment. 
 
The fringe spacing m was set to be an integer and a multiple of CCD pixel size in 
this chapter. Thus xk can be expressed as k
N
m
xk = , where N is the number of 
divisions of one fringe spacing and k = 0, 1, 2….. 1−N . The specimen position 
differs for each slice kx , as shown in Fig. 3.2(a).  In this reconstruction procedure, 
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the first step is aligning the interferograms in the ),( nxy ⋅∆ plane by shifting them 
in the n-y plane rather than x-y plane, so that the specimen position remains the same 
in the ),( nxy ⋅∆ plane.  The same specimen points ),( yn on slice 0x  and 
),'( yn on slice kx  are related as 
k
xN
m
nn
∆
+=' .                                                     (3.5) 
After the slice kx  is shifted by k
xN
m
∆
 pixels in the direction n, as indicated by 
the arrows in Fig. 3.2(b), the specimen positions of these two slices overlap when 
viewed along the direction x.  Each new shifted image ),(' ynkΠ  (the interferogram 
in red frame) is defined as 

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∆
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.                     (3.6) 
Contrary to the phase-shifting technique, since the electron optics is fixed, there is 
no initial phase term in this expression; instead, the phase difference 
N
k
pi2  appears 
in the kx  slice. Note that since the data cube is sliced at different kx , the carrier 
fringe is absent in Eq. (3.6). 
After this alignment, the reconstruction procedure is similar to that of 
phase-shifting holography.  Multiplying by 





−
N
k
ipi2exp , and summing both sides 
of the Eq. (3.6) over k yields   
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Here, we define 
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Then, the phase image and amplitude image can be obtained, respectively, as 
)(tan),( 1
C
S
yxn −=∆−η ,                                             (3.10) 
22
0
1
),( SC
N
yxn +=∆−φ .                                         (3.11) 
Consider that in the proposed reconstruction procedure, a total of N1 2D 
holograms of 32 NN ×  size are recorded. Here, N1 is the number of steps; N2 and N3 
are the number of pixels within one fringe along the y and x direction, respectively. 
Retrieval of the phase image requires 321 NNN ××  operations for shifting the 
interferograms and another 321 NNN ××  operations for calculating the phase. 
Because the data size in the x direction can be small in our reconstruction procedure, 
N3 can be much smaller than N1.  
The phase-shifting technique requires 321 NNN ××  operations, where N1 is the 
number of beam tilts (phase shifts). Let us compare it with the Fourier transformation 
method for a N2×N3 hologram. The number of calculations is 
)(log)( 32232 NNNN ××  for Fourier transformation by fast Fourier transform (FFT) 
and )(log)( 32232 NNNN ××  for the inverse transformation. Thus if 32 NN ×  is 
large then the total amount of calculation is much smaller for the Fourier 
transformation method than for the phase-shifting method or our proposed method. 
However, the quality of the result in terms of resolution and precision is different, so 
that direct comparison is difficult. 
The phase and amplitude are retrieved in the n-y plane; thus, the spatial 
resolution in the x direction is determined either by the scan step width x∆ , the CCD 
pixel size divided by magnification, or the microscope resolution.  In the y direction, 
the spatial resolution is determined by the CCD pixel size or microscope resolution.  
As the reconstruction is possible with one fringe spacing, the above procedure can be 
performed with a CCD having only a few pixels in the direction x, which is the 
direction perpendicular to the biprism wire.  
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3.2.2 Experimental methods 
 
 
Fig.3.3 TEM image of the MgO crystals. 
 
Experiments were carried out by a JEOL JEM-ARM200F microscope equipped 
with a biprism. MgO crystals were chosen as the specimen to take stage-scanning 
electron holography. A MgO crystal (Fig.3.3) of about 15 nm in size attached to a 
large MgO crystal was chosen as a specimen, and a 3D data cube of holograms with 
the fringe spacing as 1.1 nm was recorded. The scan step width and the total number 
of scan steps were 0.11 nm and 200, respectively. In this case, the scan step width was 
equal to the CCD pixel size. The total acquisition time was about 3 min. 30 s 
including data transfer time and 1 second exposure time for each scan step. 
In order to demonstrate that the proposed reconstruction procedure can determine 
the object wave independently of the fringe spacing, another 3D data cube was 
recorded with the same MgO crystal but with wider fringe spacing as 2.2 nm.  
 
3.2.3 Results and discussion 
Two holograms extracted from the 3D data cube at different specimen positions are 
shown in Figs. 3.4(a) and (b) as examples. A fringe spacing of 1.1 nm and 10 pixels of 
the CCD was used for reconstruction. Fig. 3.4(c) shows the phase image retrieved 
using the proposed reconstruction procedure. The phase changes along the x direction 
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in the vacuum region in Fig.3.4 (c) may originate from the charge up of the MgO 
crystal, but it could also be an artifact which originates from a drift of the biprism, 
which is difficult to avoid in practice. Thus the line profiles of the net phase shift 
along the horizontal direction indicated in Figs. 3.4(c) were calculated by subtracting 
the reference profiles, taken across vacuum regions (lines c2), from the profiles 
crossing the specimen (lines c1). The resulting profiles are shown in Fig. 3.5. Phase 
shifts were also measured by a conventional Fourier transformation method with the 
same fringe spacing of 1.1 nm. The hologram and reconstructed phase image are 
shown in Fig. 3.6. The profile of phase shift across the MgO crystal indicated in Fig. 
3.6 (b) is also added in Fig.3.5 (the red line). 
 
 
Fig.3.4 (a) and (b) Holograms corresponding to different positions of the MgO 
crystals; (c) the phase image obtained with the reconstruction procedure for a 
non-phase object. 
 
By analyzing the profiles in Fig. 3.5, the phase shifts between the uniform 
thickness area of the specimen and vacuum were calculated as 1.54 and 1.57 radians 
from the reconstruction procedure with the fringe spacing of 1.1nm (black line), and 
conventional holography (red line) with the fringe spacing of 1.1nm, respectively. The 
phase values and profiles obtained by the reconstructions coincide well, 
demonstrating the validity of this method.  
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Fig.3.5. Line profiles of the measured net phase shift across the MgO crystal using the 
reconstruction procedure with the fringe spacing m=1.1 nm, and the conventional 
holography with the fringe spacing m=1.1 nm. The net phase shift was measured 
along the horizontal (c1) direction indicated in Figs. 3.4(c).  
 
 
Fig.3.6 (a) Hologram of the MgO crystals using conventional Fourier transformation 
method; (b) the reconstructed phase image. 
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It is claimed that in the proposed technique the spatial resolution is not limited by 
the fringe spacing. That means holograms with coarse fringes can be reconstructed. 
As is known, in conventional electron holography, after the hologram is Fourier 
transformed, its selected sideband is inversely Fourier transformed. To avoid any 
overlap of the Fourier transformation spectra, the distance between the sideband and 
the center band 
m
1
 controlled by the fringe spacing m has to be sufficiently large. 
Thus, the larger is m, the smaller sideband size should be selected. In the present 
technique, the phase and amplitude reconstruction is performed in real space, thus the 
resolution should be irrelevant to the fringe spacing used, as in the phase shifting 
technique [4, 5], avoiding the need for fine hologram fringes. To demonstrate this 
point, another 3D data cube using the same MgO crystal was recorded and the same 
scanning step as in Fig. 3.4, but with a wider fringe spacing (2.2 nm and 20 CCD 
pixels). The extracted holograms and the phase image from the reconstruction 
procedure are shown in Fig. 3.7. The fringe spacing used for reconstruction is 
indicated between the two red lines in Fig. 3.7 (a). The line profile of the net phase 
shift along horizontal direction (indicated in Fig. 3.7 (c)) were calculated by 
subtracting the reference profiles taken across the vacuum (line c2) from the profiles 
taken across the specimen (line c1). The resultant profile is plotted in Fig. 3.8, which 
corresponds well with the ones obtained from the reconstruction procedure with the 
fringe spacing of 1.1nm and the conventional Fourier transformation method with the 
fringe spacing of 1.1nm. This demonstrates the technique can deal well with 
holograms with coarse fringes. 
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Fig.3.7 (a) and (b) Holograms corresponding to different positions of the MgO 
crystals with wider fringe spacing (m=2.2 nm), the reconstruction procedure was 
applied to the fringe spacing between the two red lines indicated in (a); (c) the phase 
image obtained from the reconstruction procedure for a non-phase object. 
 
The spatial resolution of images reconstructed with the reconstruction procedure 
depends not on the fringe spacing but on the scan step, the CCD pixel size divided by 
magnification and the microscope resolution. Another advantage is the potential 
application for in situ observations of phase distributions, as the phase can be directly 
extracted from an interferogram by a single scan of the specimen under phase object 
approximation. Currently, however, the total data acquisition time of this technique 
depends on the exposure time and the number of scan steps, and the total time needed 
in the proposed experiments was actually longer than that in the conventional 
technique due to the long exposure time for each scan step. Therefore, reducing the 
exposure time but achieving an available signal to noise ratio of holograms should be 
an important research topic in the future. 
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Fig. 3.8 Line profile of the net phase shift calculated by the reconstruction procedure 
with the fringe spacing m=2.2 nm along the horizontal direction (c1) in Fig.3.7(c). 
 
In real experiments, the drift of the biprism appears as phase change and it is 
difficult to avoid or distinguish from the field of the specimen or stray fields that 
come from several different origins. In the case of the stray fields which move along 
the specimen motion, for example, the electric charge in the specimen, this field 
affects the phase measurement but this effect is the same as those in the other 
holography methods. The change of the field due to the relative distance changes 
between the moving parts of the stage and other fixed parts may causes the artifact 
which is the type of artifact that unique to the current method. The leakage of the 
electric field applied across the piezo actuator may also be an origin. In the current 
experiment any prominent indication of those types of artifact were not observed, and 
those effects are reasonably small. In other types of stray fields which are not changed 
with the specimen motion, for example, residual magnetic field from the objective 
lens, this field does not affect the phase measurement in the reconstruction technique 
because only the difference from the field at the initial specimen position was used. 
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3.2.4 Drift effect of the biprism and specimen stage and considerations for 
recording 
Several factors should be considered when recording holograms. Since our 
technique is based on moving the specimen stage to record a series of holograms, 
special attention should be paid to the drift of the stage perpendicular to the scanning 
direction. Such drift will hinder alignment of sliced images, resulting in an elongated 
specimen shape and introducing phase errors. Another experimental factor is biprism 
drift, which results in intensity shifts and phase shift as mentioned above. This effect 
can be reduced by stabilizing the prism and by subtracting the background using the 
vacuum area, provided the electric and magnetic field gradients are neglected. 
 
 
Fig. 3.9 Fringe drifts during the stage-scanning. 
The biprism drift causes fringe drift and introduces phase errors in the 
reconstructed phase image. Fig. 3.9 shows an example of the fringe drift. For example, 
Chapter 3 Improvement of stage-scanning electron holography                                                     
51 
the dotted line in Fig. 3.9 is marked a fixed position on the holograms. When the scan 
step was 0, the dotted line indicated a bright fringe. When the scan step was 255, the 
bright fringe shifted to another position on the left side of the dotted line. In this case, 
the fringe shifted about 46 pixels from the beginning of the stage scan to the end. The 
fringe spacing was about 20 pixels averaged, that means the phase change 
corresponds to the fringe drift is about 14.4 radians. This phase change presents as the 
background phase along the horizontal direction in reconstructed phase image. For 
example, a reconstructed phase image according to our principle using the series of 
holograms contained biprism drifts is shown in Fig.3.10. Because analyzing the phase 
change in the vacuum area will show us the influence of the fringe shift. Fig. 3.10 (a) 
shows the reconstructed phase image of this vacuum area. The profile along the line 
indicated in Fig.3.10 (a) shows the background phase across vacuum area, which is 
about 14.2 radians (Fig.3.10 (b)). This value is almost in accordance with the one 
calculated by measuring the fringe shifts.  
 
Fig.3.10 (a) shows the reconstructed phase image of a vacuum area; (b) the line 
profile indicated by the line in (a) shows the background phase across vacuum area. 
 
If the drift speed is constant (in most cases, the drift speed of the biprism can be 
assumed as a constant), after one scan step is moved, phase change caused by drift is 
defined as dη . Then, the intensity distribution of the hologram is written as 
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Slicing the recorded data cube at kx  yields an interferogram 
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In order to overlap the specimen positions, a procedure of shifting the specimen 
position is needed under the relation expressed in Eq. 3.5. The shifted interferogram is 
expressed by  
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For convenience, Eq. 3.14 is written in complex form 
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here, we assume  
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Multiplying both sides of equation (3.15) by 
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alternatively, the equation leads to  
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Next, we define 
biaC +=2' , 
biaC −=3' , 
and equation (3.16.a) and (3.16.b) can be expressed by 
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Here, we use these valuables A, B, C, D, E, F to express the relative terms in 
Eqs.(3.16 a) and (3.16 b) for simplicity.  It is easy to calculate B ,C , E  and F with 
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dη  which can be known by measuring the total phase change caused by fringe drift. 
A and D can be obtained from the summation of series shifted images. Then we can 
calculate 
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and retrieval to 2'C  and 3'C . Corrected phase and amplitude images are 
reconstructed by  
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and 
320 ''),( CCyxncorr ×=∆−φ .                                        (3.19b) 
The term dnη in equation (3.17.a) is a slope ratio, meaning ),( yxncorr ∆−η lying on 
the phase slope of dnη  due to the fringe drift, which results in the background phase 
change of vacuum area. 
 
3.3 Demonstration of resolution improvement in stage-scanning electron 
holography 
3.3.1 Experimental methods 
  The major difference between the stage-scanning electron holography and 
conventional holography based on the Fourier transformation is the necessity of fine 
fringe spacing. In the conventional technique, the fringe spacing should be about three 
times finer than the desired spatial resolution [7-14]. However, in the proposed 
stage-scanning electron holography technique is that the spatial resolution of the 
reconstructed phase image is determined not by the interference fringe spacing, but by 
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the scan step and by the microscope resolution or the pixel size along the y direction. 
This is the principal difference from the conventional holography. Because the Fourier 
transformation method is unnecessary to reconstruct the phase, coarse fringes with 
high contrast can be used, which would also be helpful for improving the precision of 
the reconstructed phase image. 
In the session, an experiment was designed by observation Co nano-particles in a 
low-magnification mode in which the objective lens of the microscope is switched off. 
To realize the electron holography configuration the first intermediate lens is also 
turned off, which limits the choice of magnification. Therefore it may be difficult to 
have an appropriate combination of magnification and fringe spacing for performing 
conventional electron holography on specimens with micrometer-scale features. The 
stage-scanning electron holography technique should solve this problem by 
overcoming the limitation between the spatial resolution and fringe spacing. This 
flexibility is especially important for observing magnetic specimens, which must be 
located in a low-field region to avoid unwanted magnetic saturation.  
Experiments were carried out in the low-magnification mode with a JEOL 
JEM-ARM200F microscope (200 kV) equipped with a biprism and a stage-scanning 
system. Co nanoparticles with a diameter of 10-20 nm deposited on a carbon film 
were used as a sample. 
Figure 3.11 shows a bright-field TEM image of Co particles dispersed on the 
edge of a carbon film. Holograms were acquired at different specimen positions, by 
moving the specimen with the stage-scanning system, and saved as a 3D data cube 
with dimensions of 155 pixels×260 pixels×90 steps. The total acquisition time was 
about 1 min 40 s, including data transfer and 1 second exposure for each scan step. 
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Fig. 3.11 TEM image of Co particles. 
 
3.3.2 Results and discussion 
Two holograms, recorded at different specimen positions and extracted from the 
3D data cube, are shown in Figs. 3.12 (a) and (b). In this case the fringe spacing was 
26 nm or 10 pixels, which is wider than the diameter of the particles. In the extracted 
holograms (a) and (b), the particles cannot be distinguished but only the fringe shift 
on the specimen can be seen. The phase distribution of the particles (Fig.3.12 (c)) was 
reconstructed using 10 lines of CCD pixels as a fringe, 90 holograms, and 
stage-scanning distance of 230 nm. The Co particles are well distinguished in Fig. 
3.12 (c). Figure 3.13 shows the line profile across a Co particle indicated by the white 
line in Fig. 3.12(c). The profile shows the shape of the particle with a phase change of 
about 1.2 radians and a diameter of about 15.5 nm, which is close to 14.1 nm 
measured from the TEM image of Fig. 3.11.  
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Fig. 3.12 Two extracted holograms of the Co particles (a) and (b) with a fringe 
spacing of 26 nm; The specimen moved from the position in hologram (a) to the 
position in hologram (b) due to the movement of the specimen stage; (c) The phase 
image obtained with the stage-scanning technique. 
 
Fig. 3.13 Profile of phase change of the Co particle indicated by the white line in Fig. 
3 (c). 
For comparison, the same Co particles were observed with the conventional 
holography technique based on the Fourier transformation method. In this case fine 
fringe spacing was necessary to attain a high resolution. Otherwise, windowing the 
sideband in the Fourier space might induce artifacts in the real space [7]. Therefore, a 
fringe spacing of 17 nm was used in the same optical configuration with a higher 
biprism voltage, which was the finest fringe spacing considering the fringe contrast 
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and signal-to-noise ratio of the holograms given the limited freedom of magnification 
in this experiment. Figures 3.14(a) and (b) show the hologram and the phase 
distribution of the Co particles retrieved via Fourier transformation, respectively. It is 
difficult to distinguish the phase of each Co particle in this reconstructed phase image. 
Comparing the results from these two techniques, the stage-scanning holography 
yields higher resolution with a wider fringe spacing than the conventional holography 
based on the Fourier transformation method. The former technique is useful when fine 
fringes cannot be obtained but a high resolution is needed. 
 
Fig. 3.14 Hologram taken with a fine fringe spacing of 17 nm by conventional 
electron holography (a) and the reconstructed phase image (b). The area within the 
blue box is the same area that was observed by the stage-scanning holography. 
 
3.4 Conclusions 
Based on the stage-scanning electron holography proposed in Chapter 2, an 
improvement of the technique is presented and extended the usage to non-phase 
object.  This technique yields the phase distribution without the use of Fourier 
transformation, and therefore the spatial resolution can be determined independently 
of the fringe spacing in the holograms. Experimental results for MgO crystals 
demonstrated the practicability and reliability of this technique. The spatial resolution 
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can be determined independently of the fringe spacing of the holograms by applying 
the stage-scanning electron holography in a low-magnification mode to Co particles. 
Higher spatial resolution was achieved compared with that of conventional electron 
holography based on the Fourier transformation method. The stage-scanning electron 
holography is thus useful in a low-magnification mode when fine fringes cannot be 
obtained due to the limited TEM magnification. 
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Chapter 4 Super-resolution phase reconstruction technique in 
stage-scanning electron holography 
4.1 Introduction 
  Images with high resolution are desired and required in most imaging applications 
because a high resolution image can offer more details that may be critical in various 
applications. Since the 1970s, charged-coupled device (CCD) and CMOS image 
sensors have been widely used to capture digital images. These sensors are suitable 
for most imaging applications; however, the current resolution level and consumer 
price will not satisfy the future demand [1]. 
  In optical imaging fields, there are many solutions to increase the spatial resolution. 
The most direct one is to increase the number of pixel per unit area by sensor 
manufacturing techniques [1]. However, if the pixel size decreases, the amount of 
light available also decreases. It therefore generates shot noise that degrades the image 
quality severely. Another method is increasing the chip size to enhance the spatial 
resolution.  However, this approach is not considered effective because large 
capacitance makes it difficult to speed up a charge transfer rate. The high cost for high 
precision optics and image sensors is also an important concern in many commercial 
applications regarding high resolution imaging. Therefore, a new approach toward 
increasing spatial resolution is required to overcome these limitations of the sensors 
and optics manufacturing technology. 
  One promising approach is to use signal processing techniques to obtain a high 
resolution image from observed multiple low-resolution images. Recently, such a 
resolution enhancement approach has been one of the most active research areas, and 
it is called super resolution (SR) image reconstruction or simply resolution 
enhancement in the literatures [1-22].  
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  The basic premise for increasing the spatial resolution in SR techniques is the 
availability of multiple low resolution images captured from the same scene. In SR, 
typically, the low resolution images show different “looks” at the same scene. This is 
because the low resolution images are shifted with sub-pixel precision compared with 
each other [1]. When the low resolution images are shifted by integer units, each 
image contains the same information of the specimen, and thus there is no new 
information that can be used to reconstruct a high resolution image. When the low 
resolution images have different sub-pixel shifts from each other, each image cannot 
be obtained from the others. In this case, by combining these low resolution images, 
the new information contained in each low resolution image can be exploited to obtain 
a high resolution image, SR image reconstruction is possible.  
In chapters 2 and 3, a stage-scanning electron holography technique under phase 
object approximation [23] was proposed and extended to non-phase object. During the 
stage-scanning, the key parameter is the width of stage movement in a single scan step, 
in other words, scan step width. This can be categorized into two cases. One is that the 
scan step width is an integer multiple of the CCD pixel size. In this case, the spatial 
resolution of the reconstructed phase image is determined by the CCD pixel size 
divided by magnification, or the microscope resolution. The availability of the 
stage-scanning holography technique in this integer case has been demonstrated. The 
other is a non-integer case, the main focus of this chapter. In this case, the holograms 
are recorded with sub-pixel specimen shifts. Taking line intensities of the recorded 
holograms can produce different interferograms which contain different phase 
information due to sub-pixel specimen shifts. These different interferograms result in 
different phase images. The resultant phase images then can be interlaced to form a 
new phase image with higher pixel density. The spatial resolution of this new phase 
image is enhanced than the CCD pixel size divided by the magnification. This is 
called multiple-frame super resolution technique [26], which is widely used in optical 
imaging system for utilizing information from a set of low-resolution images with 
sub-pixel shifts of the specimens to compose a high-resolution image. Several SR 
reconstruction algorithms have been proposed [27-30]. The super-resolution 
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reconstruction technique can obtain a high resolution image from observed multiple 
low-resolution images. In this super-resolution reconstruction technique, the low 
resolution images are shifted with sub-pixel precision and the motion is irregular in 
general. By combining these low resolution images, the information contained in each 
low resolution image can be exploited to obtain a high resolution image, thus 
super-resolution image reconstruction is possible. However, in this case, the algorithm 
can be simplified because the specimen can be moved regularly by the stage-scanning 
system and the specimen motion is easy to estimate. In this chapter, a simplified SR 
technique is introduced into electron holography, and the principle and an application 
of this technique is proposed. The super-resolution phase reconstruction technique 
provides a potential way to improve the spatial resolution compared with the 
conventional electron holography techniques. 
 
4.2 Principle  
Figure 1.1 outlines an electron holography setup that employs a stage scanning 
system [31-33]. When the biprism is aligned to the y direction, the intensity of 
electron hologram is expressed by:  
( ) 



+∆−∆−++∆−=
m
x
yxnxyxnxyxnxyxnI piηφφ 2),(cos),(21),(,, 020 .          (4.1) 
Here x and y  are coordinates in the hologram, 0φ  is amplitude, η  is phase, n  is 
the step number, m  refers to the fringe spacing, and x∆ is the scan step in the x 
direction; the latter can be calculated as 
n
a
∆
∆
, where a∆ is the scanned distance and 
n∆  is the number of steps. 
Firstly, a series of two-dimensional (2D) holograms at different specimen positions 
was recorded and stacked into a 3D dataset that is called as a 3D data cube. The value 
of x∆ can be arbitrary or a multiple of the CCD pixel size. To illustrate the specimen 
shift across CCD pixels, in Figs. 4.1- 4.3 below, each sub-pixel feature of the 
specimen was described by one letter A to Z, assuming all features are dissimilar. 
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Each cell corresponds to one pixel and contains five letters. The direction of specimen 
movement is along the x axis. Slicing the obtained 3D data cube in the ),( yxn ∆⋅  
plane at kxx =  extracts an interferogram as follows: 




+∆−∆−++∆−=Π
m
x
yxnxyxnxyxnxyn kkkkk piηφφ 2),(cos),(21),(),( 020 .    (4.2) 
 
Fig.4.1 Schematic of the recorded 3D data cube with different specimen positions 
viewed along the y direction. The scan step width x∆ equals to 1 CCD pixel (a) or 
5
4
 
CCD pixels (b).  
  
If x∆  is a multiple of CCD pixel size, as shown in Fig. 4.1 (a), then all features in 
any pixel at a given x are dissimilar. If x∆  is arbitrary, as shown in Fig. 4.1 (b), then 
some pixels at a given x contain the same specimen feature. In this case, the 
information contained in each sliced interferogram at kxx = can be exploited to 
obtain an image with a higher resolution compared to the integer-step case. These two 
cases are elaborated as follows. 
 
4.2.1 Scan step is a multiple of the CCD pixel size 
Slicing the 3D data cube in the ),( yxn ∆⋅ plane at kxx = extracts a sliced 
interferograms as described by Eq. (4.4). The specimen position differs on each sliced 
interferogram at kx . Then each sliced interferogram is shifted in the ),( yxn ∆⋅ plane 
as follows. If the same specimen point is located at ),( yn  on the sliced interferogram 
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at 0xx =  and at ),'( yn on the sliced interferogram at kxx =  then  
x
x
nn k
∆
+=' .                                                       (4.3) 
Here assuming 00 =x  for simplicity. After the sliced interferogram at kxx =  is 
shifted by 
x
xk
∆
 pixels in the n direction, the specimen positions on these two sliced 
interferograms overlap with each other when viewed along the x direction. Each new 
shifted interferogram ),(' ynkΠ is defined as 

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For convenience, Eq. (4.4) can be written in a complex form as 
)2exp()2exp(),(' 321
m
x
iC
m
x
iCCyn kkk pipi −++=Π ,                         (4.5) 
where 
1),(
2
01 +∆−= yxnC φ , 
[ ]),(exp),(02 yxniyxnC ∆−∆−= ηφ , 
[ ]),(exp),(03 yxniyxnC ∆−−∆−= ηφ . 
Multiplying both sides of Eq. (4.5) by1 , 





−
m
x
i kpi2exp  and 





m
x
i kpi2exp , then 
summing both sides over k, the resultant function can be expressed in a matrix form as 
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1C , 2C  and 3C  can be determined by computing the following matrix function 
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  Then the phase and amplitude images can be obtained as 
)
]Re[
]Im[
(tan)
]Re[
]Im[
(tan),(
3
31
2
21
C
C
C
C
yxn −==∆− −−η ,                           (4.8) 
320 ),( CCyxn ×=∆−φ ,                                            (4.9) 
where Im  and Re  denote the imaginary and real parts of the complex value in 
brackets, respectively.   
 
4.2.2 Arbitrary scan step 
Figure 4.1(b) presents an example with an arbitrary scan step (
5
4
pixels).  Since 
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the shift of the same specimen point on a sliced interferogram cannot be compensated 
by the scan before n=4 (as shown in Fig. 4.2(a)), the signal from that point will 
appear not in the neighboring sliced interferogram, but in another, more remote 
interferogram. In Fig. 4.2(a), the information in the pixel (n=0, x=0) in the sliced 
interferogram at kx =0 will appear again in the sliced interferograms at kx =4, 8, 12, 
etc. However, the specimen position differs on each sliced interferogram at kx . Then a 
necessary operation is overlapping the same specimen positions on this series of 
sliced interferograms using Eq. 4.4. 
 
Fig.4.2 (a) Schematic of the procedure to shift the sliced interferograms; (b) the 
specimen positions on each sliced interferogram are overlapped with each other after 
the shifting procedure; (c) a phase image reconstructed from the series of sliced 
interferograms shown in (b).  
 
For instance, in Figs. 4.2 (a) and (b), assuming one fringe spacing has 10 pixels and 
one scan step width is 
5
4
pixel, and 2 fringes are selected for reconstruction, which 
correspond to 20 pixels. Shifting the specimen positions on the series of sliced 
interferograms at kx =0, 4, 8, 12, 16 to overlap with each other (Fig. 4.2 (b)). Using 
the Eq. (8), the phase (Fig. 4.2 (c)) and amplitude images can be obtained from this 
series of sliced interferograms.  
  Please note that between the sliced interferograms at kx =0, 4, 8, 12, and 16 in Fig. 
4.2 (a) there are many cells that contain unused information on the specimen, for 
example, the interferograms at )1( +kx =1, 5, 9, 13 and 17. These cells can be 
Chapter 4 Super-resolution phase reconstruction technique in stage-scanning electron holography                                                  
69 
employed for reconstruction, for example, by slicing the data cube at )1( += kxx  and 
carrying out the reconstruction through shifting the specimen position and multiplying 
by 1, 




 +
−
m
x
i k
1
2exp pi , and 




 +
m
x
i k
1
2exp pi . Such slicing and reconstruction 
procedures can be repeated 4 times from kx  to )3( +kx , yielding four sets of sliced 
interferograms and phase images, as shown in Fig. 4.3 (a). After shifting the specimen 
positions on these phase images along the arrows in Fig. 4.3 (a), the specimen features 
have sub-pixel shifts as shown in Fig. 4.3 (b). As shown in Fig. 4.3 (c), the resultant 
four low-resolution phase-images can be interlaced to yield an SR phase image that 
has a 4 times higher pixel density and a higher spatial resolution than its individual 
components. Note that the specimen does not move relatively to the CCD pixels in 
conventional electron holography, and thus the super-resolution phase reconstruction 
is a unique feature of the proposed technique. 
 
Fig.4.3 (a) Schematic of four phase-images reconstructed from four series of sliced 
interferograms; (b) the specimen positions on the four phase-images are overlapped 
by shifting along the arrows in (a); (c) the phase image with a high pixel density 
obtained by interlacing the four phase-images in (b). 
 
4.3 Simulation for super resolution electron holography 
  A model of specimen having various line-spacing was simulated. This specimen 
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was a pure phase object with the size of 150 pixels×100 pixels, as shown in Fig. 
4.4(a). The profile in Fig.4.4 (c) of this specimen shows the information of this 
specimen in detail. However, sometimes it is difficult to observe such information in 
TEM observation due to the insufficient CCD pixels or low microscopy resolution. 
Thus, a new specimen was reconstructed by re-sampling one pixel from every five 
pixels along x direction from the model specimen written above. Fig.4.4 (b) shows the 
re-sampled specimen with the size of 30 pixels×100 pixels. Fig.4.4 (d) is the line 
profile indicated by the line in Fig. 4.4 (b), some region cannot be observed in detail 
compared with the one shown in Fig. 4.4 (c). Using this re-sampled specimen, a 3D 
data cube was simulated as a series of holograms and recorded with the size of 120 
pixels×200 pixels×64 steps and the scan step width was 
5
4
pixel. Figs. 4.5(a) and (b) 
show two extracted holograms from the simulated 3D data cube. A phase image can 
be obtained (Fig.4.5 (c)) by performing the reconstruction procedure using one series 
of slices according to Fig. 4.2. The line profile in Fig. 4.5(e) shows the phase change 
of the re-sampled specimen. Due to the lack of pixel density, the resolution of this 
phase image is not significantly improved and it is hard to tell the intrinsic 
information as well as the profile shown in Fig.4.4 (c). However, if several series of 
slices are used for reconstruction as shown in Fig.4.3, 4 different phase images can be 
obtained in this case. After interlacing these 4 phase images according to Fig. 4.3(c), 
an interlaced phase image can be obtained (Fig.4.5 (d)). Then the line profile of the 
interlaced phase image is shown in Fig. 4.5 (f). The resolution of this phase image is 
highly improved, and it is easy to determine the intrinsic information as well as the 
original specimen from this interlaced phase image.  
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Fig.4.4 (a) A simulated line-spacing specimen with the size of 150 pixels×100pixels; 
(b) the re-sampled specimen with the size of 30 pixels×100 pixel; (c) and (d) are the 
profiles across the specimen in (a) and (b) along the line indicated, respectively. 
 
 
Fig.4.5 (a) and (b) are the holograms extracted from the simulated 3D data cube; (c) is 
the reconstructed phase image using one series of sliced interferograms; (d) is the 
interlaced phase image reconstructed by super-resolution technique, which is 
combined from several series of sliced interferograms; (e) and (f) are the profiles of 
the phase distribution across the specimen in (c) and (d) along the indicated lines, 
respectively. 
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4.4 Experimental methods 
 
Fig.4.6 (a) TEM image of Co particles; (b) hologram of the Co particles extracted 
from the recorded 3D data cube. 
 
The proposed technique was tested by observing Co particles experimentally. 
Figure 4.6(a) shows a bright-field TEM image of Co particles dispersed on a carbon 
film. The electron holography experiments were carried out at an accelerating voltage 
of 200 kV, using a JEOL JEM-ARM200F microscope equipped with a biprism and a 
stage-scanning system. A series of holograms as a 3D data cube with different 
specimen positions was recorded in a low magnification mode, in which the objective 
lens and the first intermediate lens were turned off. The specimen was moved 
stepwise along the x -axis by the stage-scanning system. The size of the recorded 3D 
data cube was 170 pixels×280 pixels×100 steps and the total acquisition time was 
about 1 min 50 s, including the data transfer time and 1-second exposure at each scan 
step. Figure 5(b) shows an extracted hologram from the recorded 3D data cube. In the 
given lens setting the CCD pixel size corresponded to 2.7 nm; the fringe spacing was 
10.5 pixels, and x∆  was calculated as
n
a
∆
∆
 = 
5
4
 pixels = 2.16 nm. In this case, 
according to Fig. 4.3, the first step was slicing the 3D data cube at kx , counted by 4 
pixels to form a series of sliced interferograms, and reconstructed from them a 
low-resolution phase image. We then repeated this procedure at four successive x 
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positions from kx to )3( +kx  and obtained four low resolution phase images. By 
interlacing these four low resolution phase images, a super resolution phase image can 
be obtained. 
4.5 Results and discussion 
 
Fig.4.7 (a) Low-resolution phase image reconstructed from sliced interferogram; (b) 
super-resolution phase image obtained by interlacing the obtained low-resolution 
phase images; (c) and (d) are the phase profiles of the Co particle indicated by the 
dotted lines in (a) and (b), respectively. 
 
One obtained low resolution phase image is shown in Fig. 4.7 (a). These four 
low-resolution phase images were then interlaced as outlined in Fig. 4.3 to obtain the 
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super-resolution phase image, which is shown in Fig. 4.7(b). The line profile in Fig. 
4.7(d) shows the shape of the Co particle, which has a phase change of 1.2 radians. Its 
diameter is ~14.5 nm, which is close to the value of 14.1 nm measured from the 
conventional TEM image of Fig. 4.6(a) along the same direction. However, in Fig. 4.7 
(c), due to the lack of pixel numbers, the phase change is smaller than that estimated 
from the super-resolution image. The performance of the resolution improvement can 
be observed from the carbon edge, for example, in the low-resolution images (Fig. 4.7 
(a)), the edges change abruptly due to the low pixel density. However, in the 
super-resolution phase image of Fig. 4.7 (b) the edge is smooth owing to the high 
pixel density.  
This stage-scanning holography experiments were carried out in the 
low-magnification mode. In this case, the CCD pixel size divided by the 
magnification is much larger than the size calculated from the point spread function of 
the microscope used. Although the super-resolution phase reconstruction technique 
can overcome the CCD pixel-limited resolution due to the sub-pixel shift of the 
specimen, it may not overcome the resolution limit imposed by the point spread 
function. The super-resolution phase reconstruction technique is applicable not only in 
a low-magnification mode, but also in a high-magnification mode. However, 
additional experimental problems may appear at high magnifications, such as the 
insufficient precision of the piezo drive, as well as drifts of the biprism and specimen. 
The specimen drift may result in elongated shapes, whereas instabilities of the biprism 
will affect the image intensity. These effects will introduce phase errors in the 
reconstruction, but they can be reduced by improving the hardware. 
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4.6 Fresnel diffraction effect 
 
Fig. 4.8 Two simulated holograms without specimen: one is without Fresenl 
diffraction effect (a) and another is with Fresnel diffraction effect (c), respectively; (b) 
and (d) are the profiles along the lines indicated in (a) and (c). 
 
One problem should be considered is the Fresnel diffraction effect. In the electron 
holography with the electron biprism, the Fresnel diffraction wave caused by the 
electron biprism overlaps with the interference fringes produced by the object and 
reference waves. This introduces a distortion in the amplitude of the electron wave, 
which results in non-uniform contrast of the interference fringes. When slicing the 3D 
data cube at different x positions, the intensity at each x position does not vary 
according to the cosine curve function, thus leading to the resultant phase errors in the 
reconstruction. Such phase error contributes to the periodic noise when interlacing the 
several phase images. In order to analysis the Fresnel diffraction effect in detail, two 
cases of different 3D data cube of holograms without specimen were simulated: one 
series of holograms without Fresenl diffraction effect (Fig. 4.8 (a)) and another series 
of holograms with Fresnel diffraction effect (Fig. 4.8 (c)). From the profiles shown in 
Fig. 4.8 (b) and (d), corresponding to the cases without and with Fresnel diffraction 
effect respectively, the intensity difference caused by Fresnel diffraction is clearly 
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observed. Slicing the 3D data cube at four successive x positions, results in four 
interferograms which are the cosine image of phase distribution. In the two cases, 
because there are no specimens, the amplitude ),(0 yxn∆−φ  can be replaced by 1 and  
the phase ),( yn−η  is calculated as  






−Π=− − 1),(
2
1
cos),( 1 ynynη . 
 
 
Fig.4.9 Reconstructed phase images from simulated holograms by super-resolution 
technique, (a) is the one without Fresnel diffraction effect and (b) is the one with 
Fresnel diffraction effect. (c) shows the profiles along the lines indicated in (a) and 
(b). 
 
Four phase images can be calculated from the four sliced interferograms. After 
interlacing these four phase images, the super-resolution phase image can be obtained, 
as shown in the Figs. 4.9. The phase errors caused by the Fresnel diffraction effect can 
be clearly observed from the profiles shown in Fig. 4.9 (c). In this case, the phase 
error is about 0.16 rads. However, if the biprism voltage is increased, the Fresnel 
fringes will move to the edge of the overlapped area. Then if some fringes far from 
the region which contain Fresnel fringes are used for reconstruction, the accuracy of 
the phase measurement will be improved.  
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4.7 Conclusions  
A super-resolution phase reconstruction technique in electron holography is 
proposed in this chapter. Using a stage-scanning system, the specimen can be shifted 
with a fine step, and a 3D data cube can be recorded that contains holograms 
corresponding to different specimen positions. Slicing the data cube yields several 
low-resolution phase images with sub-pixel specimen shifts. A super-resolution phase 
image with a high pixel density can be obtained by interlacing these low-resolution 
phase images. The reconstructed super-resolution phase image provides high spatial 
resolution and accuracy through the observation of Co particles. 
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Chapter 5  Conclusions 
The successful development of the field-emission electron guns and the electron 
biprism make the use of electron holography practical. A number of schemes for 
electron holography have been proposed in recent materials research, in which 
off-axis electron holography is the widely used one. However, the spatial resolution of 
the reconstructed conventional electron holographic images, based on Fourier 
transformation, is essentially limited by the fringe spacing of the hologram. When a 
high spatial carrier frequency is introduced to improve the resolution, a decrease in 
the fringe contrast will reduce the signal-to-noise ratio. 
In this thesis, a stage-scanning electron holography technique is proposed. In this 
technique the object wave can be determined independently of the fringe spacing, 
overcomes the problems causes by Fourier transformation. This technique is based on 
moving the specimen to create a series of holograms that have different specimen 
positions. Taking line intensities on the recorded holograms eliminates the carrier 
fringes in the holograms and yields the interferogram. Under phase object 
approximation, the object phase can be readily obtained from the interferogram 
without any reconstruction procedure.  
This stage-scanning electron holography technique is further improved and 
extended for a non-phase object by recording a series of holograms as a 3D data cube 
at different specimen positions. Slicing the 3D data cube at different CCD pixels 
produces several interferograms. By applying the proposed reconstruction procedure 
to these interferograms the phase distribution can be reconstructed with high precision. 
This technique is expected to overcome the limitation of spatial resolution due to the 
fringe spacing. Experiments were carried out using the proposed stage-scanning 
holography and conventional off-axis electron holography, respectively. The results 
demonstrated the availability of this technique.                                                                                                                               
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Experiments were performed for demonstration of the resolution enhancement by 
observing Co nanoparticles with the stage-scanning electron holography and compare 
the results with the conventional holography based on the Fourier transformation 
method. Higher spatial resolution was achieved compared with that of conventional 
electron holography based on the Fourier transformation method. The stage-scanning 
electron holography is thus useful in a low-magnification mode when fine fringes 
cannot be obtained due to the limited TEM magnification. 
In the stage-scanning electron holography, a key parameter of the technique is the 
width of stage movement in a single scan step, in other words, scan step width. If the 
scanning step is a multiple of the CCD pixel size then the spatial resolution of the 
reconstructed phase image is determined by the CCD pixel size divided by 
magnification, or the microscope resolution. If the scan step size is an arbitrary, the 
holograms are recorded with sub-pixel specimen shifts. Because of the sub-pixel shift, 
these holograms contain different phase information, and their interlacing increases 
the pixel density in the final phase image, improving the spatial resolution beyond the 
CCD pixel size divided by the magnification. Therefore, we introduced 
super-resolution reconstruction technique into electron holography, outline the 
principle and applications of the super-resolution electron holography technique. 
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